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Abstract 

The modularity property of the helicity formalism is used to provide amplitude expres- 
sions and stage-two spin-correlation functions which can easily be used in direct experimen- 
tal searches for electro-weak symmetries and dynamics in the decay processes t W^b, 
t — > W^b. The formalism is used to describe the decay sequences t — > W~^b {l^i')b, 
and t — > W~^b ijdju)b- Helicity amplitudes for t W'^b are obtained for the most 
general Jg^ current. Thereby, the most general Lorentz- invariant decay-density- matrix for 
t — > W~^b (Z"^z/)6, or for t — > W~^b {jdju)b, is expressed in terms of eight helicity 
parameters and, equivalently, in terms of the structures of the current. The parameters 
are physically defined in terms of partial-width-intensities for polarized-final-states in 
t W~^b decay. The full angular distribution for the reactions qq and gg ^ ti ^ 
{W'^b)iW^b) . . . can be used to measure these parameters. Since this adds on spin- 
correlation information from the next stage of decays in the decay sequence, such an energy- 
angular distribution is called a stage-two spin-correlation (S2SC) function. 
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1 INTRODUCTION 

While in the standard model the violations of CP, T, and {V — A) symmetry are phenomenolog- 
ically well-described by the Higgs mechanism and the CKM matrix, the depth of the dynamical 
understanding remains open to question. In particular, the Yukawa couplings of the fermions, and 
the CKM mixing angles and CP phase parameter are inserted by-hand. For this reason, and the 
new fermionic mass scale of ~ 175 GeV provided by the recently discovered top quark[l-3], it is 
important to probe for new and/or additional symmetry violations at ~ 175 GeV. 

We use the modularity property of the helicity formalism]^ to provide amplitude expressions 
and stage-two spin-correlation functions which can easily be used in direct experimental searches 
for electro-weak symmetries and dynamics in the decay processes t W'^b, i W~h. Stage-two 
spin-correlation functions are also a useful technique for testing the the symmetry properties and 
dynamics of ti pair production in both the qq — > ti channel and the gg —>■ ti channel[5,6]. 

The reader should be aware that it is not necessary to use the helicity formalism 0] because the 
observables are physically defined in terms t — > W'^h decay partial width intensities for polarized- 
final-states. However, the helicity formalism does provide a lucid, flexible, physical framework 
for connecting Lorentz-invariant couplings at the Lagrangian level with Lorentz-invariant spin- 
correlation functions. In practice, the helicity formalism also frequently provides insights and 
easy checks on the resulting formulas. 

The literature on polarimetry methods and spin-correlation functions in t quark physics in- 
cludes Refs. [5,7,6]. Literature on methods to test for CP violation in t reactions includes Refs. [5,8,9,6]. 

In this paper, we concentrate on the most general Lorentz-invariant decay-density-matrix -Rai.a'^ 
for t W+b or for t W+b Ud3u)b where Ai, A; = ±1/2 is the t helicity. 
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i?Ai,A'j is expressed in terms of eight helicity parameters [6, 10]. The diagonal elements are simply 



the angular distributions 



dN 



d{cos 9^)d{cos 6a)d<t>a 



for the polarized t decay chain, t —>■ W^h —>■ {l^h')b, or 



There are eight t —>■ W^b decay parameters since there are the four Wl,t bi^R final-state 
combinations: The first parameter is simply F = + F^, i.e. the partial width for t —>■ W~^b. 
The subscripts on the F's denote the polarization of the final W~^, either "L=longitudinal" or 
"T=transverse" ; superscripts denote "± for sum/difference of the bi versus bji contributions". In 
terms of the helicity amplitudes defined in Sec. 2, 

= A(o,-i)f ±|a(o,|) 

±IA(l,i) 

Such final-state-polarized partial widths are observables and, indeed, the equivalent helicity pa- 



(1) 



F=t 



rameters C,,ct, ■ ■ ■ can be measured by various polarimetry and spin-correlation techniques. 

The second helicity parameter is the b quark's chirality parameter ^ = ^(F^ + F-^). Equiva- 
lent ly, 

^ = (Prob b is bi) — (Prob b is bn), 



^ = \<bL\b> 



< bnlb > 



So for rrib = 0, a. value ^ = 1 means the coupled b quark is pure 6/,, i.e. Xh 
mb = A.bGeV, ^ = 0.9993 for a pure V -A couphngg. 

The remaining two partial-width parameters are defined by 

C = (F^ - F^)/F, a = (F+ - F+)/F. 

This implies for polarimetry that 

a = (Prob W+ is Wl) - (Prob W+ is Wt), 



(2) 



-1/2. For 



(3) 



is the analogue of the b quark's chirahty parameter in Eq.(2). Thus, the parameter a measures the 
degree of polarization, "L minus T", of the emitted W~^. For a pure {V — A), or {V + A), coupling 
and the empirical masses, cr = 0.4057. The "pre-SSB" parameter ( = 0.4063 characterizes the 
remaining odd-odd mixture of the b and spin-polarizations. 

To describe the interference between the Wl and Wr amplitudes, we define the four normahzed 



parameters. 



c^i^/T, /+ /r 



(4) 



CO' ^ ij /r, i ^ /+ /r 

The associated — Wt interference intensities are 



v4(0,-i) A{-l,-\) cos/3. 



± 



yl(0,|) cos/5f 
A(0,-i)||A(-l,-i)|sin/3« 
A(0,i) A{1,\) sin/3f 



± 



(5) 



Here, (3a = (p-i — 4>oj cind jS^ = (p^ — are the measurable phase differences of of the associated 
helicity amplitudes A{Xiy+, Xb) = \A\ exp Lcf) in the standard helicity amplitude phase convention0]. 
For the empirical masses, u = 0.4566 and rj = 0.4568 are also unequal since rrib = 4.5GeV. If 
unlike in the SM (3^ ^ 0, then from Eq.(5) there are the inequalities u' ^ rj' and u ^ rj, but 
both of these inequalities will be insignificant versus anticipated empirical precisions unless both 
bR amplitudes, Xw = 0, 1, are unexpectedly enhanced. 

If one factors out "W-polarimetry factors" , see below, via a = SwO', uj = TZy/^-, ■ ■ ■ the 
parameters all equal one or zero for a pure {V — A) coupling and = ( cu' = 77' = ). 

Important Remarks: 

(1) The analytic forms of cr, . . ." are very distinct for different unique Lorentz couplings. 



see Table 1. This is also true for the partial- width-intensities for polarized- final-states, see Table 
2. This is indicative of the analyzing power of stage-two spin-correlation techniques for analyzing 
t — > W^b decay. Both the real and the imaginary parts of the associated helicity amphtudes can 
be directly measured. 

(2) Primed parameters a;' 7^ and/or ry' 7^ Tps is violated. Tps invariance will be 
violated when either there is a violation of canonical T invariance or when there are absorptive 
final-state interactions. 

(3) Barred parameters f , C, ■ ■ ■ have the analogous definitions for the CP conjugate process, 
i — > W~b. Therefore, any C 7^ C 7^ C) • • • =^ CP is violated. That is, "slashed parameters" 

= ^ — ^, . . . , could be introduced to characterize and quantify the degree of CP violation. This 
should be regarded as a test for the presence of a non-CKM-type CP violation because, normally, 
a CKM-phase will contribute equally at tree level to both the t — > W^hL decay amplitudes and 
so a CKM-phase will cancel out in the ratio of their moduh and in their relative phase. There are 
four tests for non-CKM-type CP violation [6, 11]. 

(4) . These helicity parameters appear in the general angular distributions for the polarized t — > 
W^b {l^u)b decay chain, and for t W^b {jdju)b. Such formulas for the associated "stage- 
two spin-correlation" (S2SC) functions in terms of these eight helicity parameters are derived 
below in Sec. 5. 

(5) In the presence of additional Lorentz structures, "W- polarimetry factors" Sw = 0.4068 
and TZw — 0.4567 naturally appear[5,10] because of the referencing of "new physics" to the (V—A) 
structure of the SM. These important factors are 



and 




We have introduced Sw and TZw because we are analyzing versus a reference J^t theory con- 
sisting of "a mixture of only V and A couplings with rrib — 0" . For the third generation of quarks 
and leptons, this is the situation in the SM before the Higgs mechanism is invoked. We refer to 
this hmit as the "pre-SSB" case. In this case, these W-polarimetry factors have a simple physical 
interpretation: for t W^j^b the factor 
Sw = (Prob Wl) - (Prob Wt), and the factor 

TZw — the "geometric mean of these probablities" = y'' (ProbWL) {Prob Wt) ■ 

These factors are not independent since {SwY + ^iJZwY = 1- [If experiments for the lighter 

quarks and leptons had suggested instead a different dominant Lorentz-structure than V — A, say 

2 2 

"/m + Je " , then per Table 1 we would have replaced Sw everywhere by (— 2 + ^)/(2 + etc. 
]■ 

In the "pre-SSB" case, each of the eight hehcity parameters also has a simple probabihstic 
significance for they are each directly proportional to r,^,Sw, or TZw- cr — > Sw,C ~^ ^wC^^ ~^ 
T^wCv ~^ TZw- Therefore, precision measurements with ^ and C distinct, and with ^ and cu 
distinct, will be two useful probes of the dynamics of EW spontaneous symmetry breaking, 
see Eqs. (26-27) in Ref. [6]. Some systematic effects will cancel by considering the ratios, C/C 
versus TZw, and cu/^ versus Sw- 

Note in this reference theory ^ = dgil'^ — + l^'iiP)- In units of Sec. 3, F = 

l^di/Lp + \gR\'^)\Vtb\'^{mt^/mJ + 1 - 2mJ/mt^) where gL,R = \{gv T gA), so in SM limit gi = 
775 ~ 9v — —Qa- Note also that any Tps violation is "masked" since J — r] — Q (i.e. = = 0) 
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automatically. This "l^ and A, rrib = 0" masking mechanism could be partially the cause for why 
T violation has not been manifest in previous experiments with the lighter quarks and leptons, 
even if it is not suppressed in the fundamental electroweak Lagrangian. 

(6) The "additional structure" due to additional Lorentz couplings in Jg^ can show up experi- 
mentally because of its interference with the {V — A) part which, we assume, arises as predicted 
by the SM. 

(7) Besides model independence, a major open issue is whether or not there is an additional 
chiral coupling in the t quark's charged-current. A chiral classification of additional structure is a 
natural phenomenological extension of the standard SU(2)l X U{1) electroweak symmetry. The 
requirement of u{ph) u{ph)^{l + 75) and/or u{kt) — |(1 — '~^^)u{kt) invariance of the vector 
and axial current matrix elements (6|f^(0)|t) and (6|a^(0)|t), allows only Ql, ds+p, gs-+p-,9+ = 
fhi + /£;,and ^+ = + couplings. From this SU{2)l perspective, the relevant experimental 
question is what are the best limits on such additional couplings? Similarly, u{pb) — > 'u(p5)i(l — 75) 
and/or u{kt) |(1 + 75) u{kt) invariance selects the complimentary set of Qr, gs-P, 9s--p-,9~ = 
fu — /£;,and ^_ = T+ — couplings. The absence of SU{2)r couplings is simply built into the 
standard model; it is not predicted by it. So in the near future, it will be important to ascertain 
the limits on such SU{2)ji couplings in t quark physics. 

(8) In a separate paper 0, it has been reported that at the Tevatron, percent level statistical 
uncertainties are typical for measurements of the helicity parameters ^, C, o", 1^, "Z]- At the LHC, 
several mill level uncertainties are typical. These are also the sensitivity levels found for measure- 
ment of the polarized-partial- widths, T^/jn, and for the non-CKM-type CP violation parameter 
Ta = ^fi/r,^' i\! versus = /^'^|| . From /4, see Eq.(69) below, the r] parameter(co' parame- 
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ter) can respectively best be measured at the Tevatron(LHC). However, by the use of additional 
variables (all of 0i, 6'2, 02 as in Eq.(66) ) in the stage-two step of the decay sequences where 
VF^ — > jd,dju,u-i or l^v, we expect that these sensitivities would then be comparable to that for 
the other helicity parameters. Inclusion of additional variables should also improve the sensitivity 
to the CP violation parameter which is at 33° (Tevatron), 9.4° (LHC). In regard to effective 
mass-scales for new physics exhibited by additional Lorentz couplings, 50 — 70TeV effective-mass 
scales can be probed at the Tevatron and 110 — 750TeV scales at the LHC. 

The cleanest measurement of these parameters would presumably be at a future e~e'^ or //"//"^ 
collider. 

In Sec. 2, we introduce the necessary helicity formahsm for describing t — > W'^b — > {l'^i')b, 
and t^W+b^ {j^u)b. 

In Sec. 3, we list the A{\\y+,K) helicity ampUtudes for t — > W~^b for the most general Jg^ 
current. Next, the hehcity parameters are expressed in terms of a "(F — additional chiral 
coupling" structure in the J^^ current. Two tables display the leading-order expressions for the 
helicity parameters when the various additional chiral couplings {gi/2Aj) are small relative to the 
standard V — A coupling {gi)- 

Sec. 4 gives the inverse formulas for extracting the contribution of the longitudinal and trans- 
verse VF-bosons to the polarized- partial- widths, Tl^t, and to the partial-width interference- 
intensities, Irj, from measured values for the helicity parameters. Expressions are also listed for 
extracting the phase differences (3a and (3^ from measured values for the helicity parameters. 

Sec. 5 gives the derivation of the full S2SC function for the production decay sequence qq, or 
gg ^ ti ^ {W~^b){W~b) — >• {l^i'b){l~vB) or {jdjui'){idi'd>- Two simpler S2SC are then derived. 
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Several figures show the the cos 9{, cos 9i behaviour of the elements of the integrated, or "reduced" , 
composite-density-matrix p^^/. It is this behaviour, i.e. the use of W decay-polarimetry, which 
is responsible for the enhanced sensitivity of the S2SC function I4 versus the energy-energy spin- 
correlation function I{E\y+, E\y-). 

Sec. 6 contains some additional remarks. 

2 THE HELICITY FORMALISM FOR 

t W+b {l+iy)b, AND t W+b {jdju)b: 

In the t rest frame, the matrix element for t — > W'^b is 

{61, 01, Xw+, A,|i, Ai) = e\, 0)A {Xw^, X,) (8) 

where /i — Xw+ — X^ and Ai is the t helicity. The final momentum is in the 9{, 0* direction, 
see Fig. 1. For the CP-conjugate process, i — > W~b, in the i rest frame 

{ei, 0*, Xw-,Xi\l, A2) = el, o)b (a^.-, a-,) (9) 

with jj, — Xw- — Xi, A2 is the t helicity. Rotational invariance forbids the other W'^ and W" 
amplitudes, so there are only two, and not three amplitudes A{0, —1/2), A{—1, —1/2) for t — > 
W'^hi, etc. An elementary, technical point[ll] is that we have set the third Euler angle equal to 
zero in the big D functions in Eqs.(8,9). A nonzero value of the third Euler angle would imply an 
(ackward) associated rotation about the final momentum direction in Fig. 2. This technical 
point is important in this paper because in the spin- correlation we exploit the azimuthal angular 
dependence of the second-stage, —>■ l^u or for —>■ j^ju, in the decay sequences. 
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Fig. 2 defines the usual spherical angles 9a, (pa which specify the jj jet (or the Z+) momentum 
in the Vl^+rest frame when the boost is from the t rest frame. For the hadronic W'^ decay mode, 
we use the notation that the momentum of the charge |e jet is denoted by and the momentum 
of the charge |e jet by j„. Likewise, Fig. 3 defines the 9b, 4>b which specify the jd jet (or the /~) 
momentum which occurs in the CP-conjugate decay sequence. 

As shown in Fig. 4, we use subscripts "1, 2" in place of "a, 6" when the boost to these rest 
frames is directly from the {ti)cm center-of-mass frame. Physically these angles, 9a, (pa and 9i, (pi, 
are simply related by a Wigner-rotation, see Eqs.(74,75) below. For the CP-conjugate mode, one 
only needs to change the subscripts a — > 6, 1 — > 2. 

In the W'^ rest frame, the matrix element for — > I'^u or for — > j^ju is [12,13] 

{9a,4>a,\+,K\l,Xw+) = Dll^,l{k,0a,O)c (10) 

since Xi, — — |, A/+ = |, respectively neglecting (^^) corrections, neglecting (^^) corrections. 

The associated composite decay-density-matrix for t — > W'^b {l^i^)b, or for t — > W'^b — > 
{jdju)b, is 

^A.a; = E PMX[;X^X'Jt - ^^^)Pa.A'^(^^ ^ ^^-) (H) 

where Xw, X'w = 0, ±1 with 



Pa,a;;a.a;,(^ - w^b) = E o{, mTM^ ^^)M>^w. 

A6==Fl/2 " 
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This composite decay-density-matrix can be expressed in terms of the eight hehcity parameters: 

' R++ e^'^ir+_ ^ 
R= (12) 



The diagonal elements are 



R±± = na[l ± fa COS ± (l/v2) sin ^^^{sin 26'a [a; cos 0a + ^' sin 0^] — 2 sin [r/ cos 4>a + sin 0a]} 



The ofF-diagonal elements depend on 



= riafaSin^* -I- -\/2sin^a{cos^*[r7COS0a -|- a;' sin 0a] + t[r7sin0a — a;' cos 0a]} 
— sin 26'a{cos 6*^(0; cos 0a + rj sin 0a] -|- t[a; sin 0a — r]' cos 0a]} 



In Eqs. (13,14), 



na = 1(5 - COs2^a - (X[l + 3cOs2^a] - 4[C - C] COS^a) 
.afa = |(4[1 - a\ COS ^a - ^[1 + 3 COS 2^a] + C[5 - COS 2^a]) 



or equivalently 



= sin' ~Q^-^ ± ^(3 + cos 2^a) T cos^a^^ 



Y llafa j 

For the CP-conjugate process t — > W~h {l~P)b or t — > Wb — > {jdju)b 



I 



R 



R++ e^<P2r+_ 
e-''^2r_. R__ 



(13) 



(14) 



(15) 



(16) 



(17) 



R±± = n6[l=pf6Cos6'2]=F(l/v^) sin^^2{sin26'b[a;cos0b — r/'sin06]— 2sin6'fe[r/cos0b— a;'sin06]} (18) 
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= — n^ffo sin 02 — -\/2 sin ^b{cos 92[rj cos 0b — uj' sin 0b] + t[r^ sin 0b + a;' cos 0b]} (1^) 
+ sin 2 6'b{ cos 91[lj cos 0b — f/' sin 0b] + t[a; sin 0b + f]' cos 0b]} 



Hb = i(5 - cos2^b - + 3cos2^b] - 4[C - C] cos^b) 
nbfb = |(4[1 - a] cos ^b - C[l + 3 cos 2^b] + C[5 - cos 2^b]) 



(20) 



nb 
y ribfb J 



sin' 9,^- ± |(3 + cos2^b)^ T cos 9^1 



(21) 



3 THE HELICITY PARAMETERS IN TERMS OF CHI- 



RAL COUPLINGS 



For t — > W^b, the most general Lorentz coupling is 



(22) 



where h ^ Qw + Pb- In (22) 



v/* 4- ^ 



= 9vr + '-^i^'''{k - p), + ^(fc - py 



gs- 



2A 



2A 



+|x(^+pr75 + ^^^'^^(^+p).75 



The parameter A = "the effective-mass scale of new physics'' 
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Without additional theoretical or experimental inputs, it is not possible to select what is the 
"best" minimal set of couplings for analyzing the structure of the Ji^ current. There are the 
"equivalence theorems" that for the vector current, 5* ~ + fu^T^ ~ —V + S~ , and for the 
axial- vector current, P ~ —A + Jei ~ A + P . On the other hand, dynamical considerations 
such as compositeness would suggest searching for an additional tensorial (7+ = fu + Ie coupling 
which would preserve ^ = 1 but otherwise give non-(\^ — 74)-values to the t helicity parameters. 
For instance, o = ^ 0.41 and rj = ui ^ 0.46. 

The matrix elements of the divergences of these charged- currents are 

{k-p)^V^ = [gv{mt - nib) + + ||("^? " ^1) + ~ K ~ mb]'^)]ubUt (23) 

{k - p)^A^' = [-QAinib + mt) + + - + ^(^' " K + nibf)]ubl^Ut (24) 

Both the weak magnetism ^ and the weak electricty ||- terms are divergenceless. On the other 
hand, since = m^, even when rrib = rrit there are non- vanishing terms due to the couplings 
S-,T+,A,P-,T,+. 

The modularity and simple symmetry relations!^] among the t W^b, i — > W^b amplitudes 
are possible because of the phase conventions that were built into the helicity formalism^]. In 
combining these amplitudes with results from calculations of similar amplitudes by diagramatic 
methods, care must be exercised to insure that the same phase conventions are being used (c.f. 
appendix in [11]). 

The helicity amplitudes for t —>■ W^bL,R for both {V =F A) couplings and nib arbitrary are for 
bi so Xb = -|, 

^fO'~i) = 9l ^""^^"^ J rrit {Eb + q^) - 9r— —Jnit {Eb - q^) (25) 
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^(-1,-2) = gL^l^mt (Eb + Qy,) - gR^2mt {E^ - q^). (26) 
and for hR ^ \ — \, 

aU\) = -gL^^^^^^jm^ {E, - q^) + gn^^^^^rm {E, + (27) 
V 2/ ^ rriw ^ 

= -gL\l'2mt {Eh - qyj) + gR^j2mt {E^ + q^) (28) 

Note that gL,gR denote the 'chirahty' of the couphng and \b — ^\ denote the handedness of h^^R. 
For {S ± P) couphngs, the additional contributions are 

^(0,-^) = gsM^Y^^|ME, + q^) + gs-p{'tY^^|m{E, - gj, a{-i,-\) =0(29) 

A(0,1) = gsM^Y^s]mt{E, - q^) + gs-p{lkf^slmt{E, + q^l A{1,\) =0 (30) 
The two types of tensorial couphngs, g± — /m ± /b and g± — g'^j,+ ,rj.+ , give the additional 

5 

contributions 



2 A' 



Ew T Qu 



mt {Eb ± qu,) 



rrib E^ ^ q^ 



TgA^) 

±^-^2A^ 



mft E^ ± q^ I -— E^±q, 



'-^mt {Eb±qyj) + 



Ew ± qw I — ; - iribEutT Qw 



m,{EbT<l.) 
^Jmt{EbTqw) 



rub Eyj ± q 



^mt{Eb±qnj) + 



mt {Eb ± qyj) + 



mt myj 
Ew ~F Qw 



\/mt {EbTQw) 



\l mt {El 



b =F Qn 



= l^V2g+{^) ^mt {Eb ± q^) - ^^\/^t {Eb T Qw) 



±V2^_(^) -^^mt {Eb ± qyj) + ^mt {Eb =F Qw) 



mt 



2A' 



mb 



Jmt {Eb ± qu,) + —\lmt {Eb =F 
/ mt 



mb 
mt 



mt {Eb ± qw) + V^k (^b =F ^i^) 
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(31) 



3.1 Helicity parameters' form in terms of ql plus one 

"additional chiral coupling" 

We first display the expected forms for tlie above helicity parameters for the t W~^b decay for 
the case of a pure V — A chiral couphng as in the SM. Next we will give the form for the case of 
a single chiral coupling {gi/2h.i) in addition to the standard V — A couphng. In this case, we first 
list the formula for an arbitrarily large additional contribution. 

In Tables 3 and 4 we list the formulas to leading order in versus the standard ql coupling. 
Throughout this paper, we usually suppress the entry in the "i" subscript on the new-physics 
coupling-scale "A/' when it is obvious from the context of interest. 

In the case of "multi- additional" chiral contributions, the general formulas for A{Xw+,Xb) 
which are listed above can be substituted into the above definitions so as to derive the expression(s) 
for the "multi- additional" chiral contributions. The m.b/m.wj'mb/'mt corrections to the following 
expressions can similarly be included. 

Pure V — A coupling: 



1 



(32) 



u;' = 77' = 



V + A also present : 



a/Sw = 1 



rj/TZw = 1 



(33) 
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S + P also present : 



^ (1 - 2^) \g,\' + ^[1 - ^]-R£{glgs+p) ^ 



(34) 



a; 



^ = 1 (35) 



where 



= 77' = -V^^[l - ^]XA1 to5+p)/(I^+) 



2 2 2 

= (1 + 2— 2) |c/l| +—[l-—^]n£[gi^gs+p) + {^[l-—T\} \gs+p\ 



e = ( (1 + 2^) - {^[1 - C^W \9S-P\' ) l{V-) (38) 



a; = r7 = x/2^|(7z.|V(^^"), a;' = V = (39) 
mt 



where 



= (1 + 2-1) \gL\' + {7r^[l - -f ]r 1^5- 



P\ 



(36) 



S — P also present : 

where the upper (lower) sign on the "rhs" goes with the first (second) entry on the "Ihs." 



m^' ' '2A^ ml 
/m + /b (ilso present : 

For this case we write the couphng constant of the sum of the weak magnetism and the weak 
electricity couplings as 

9+ — Im + Je 
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In this notation, 



(40) 



1, +S[-2 + t]l^+r ) 



(41) 



where 



Vr^ = (1 + 24) \9Lf - 3^nS{gM + ^[2 + 4] l^+l' 

mjA 4A^ 

/m — /e o,lso present : 

Similarly, we write the coupling constant of the difference of the weak magnetism and the weak 
electricity couplings as 

9- — /m — Ie 



and so. 



(42) 



where the upper(lower) sign on the "rhs" goes with the first(second) entry on the "lhs."Also, 

e^((i+2<)W=-3§i,_ij/i,, 



(43) 
(44) 



Here 



I..-^(l + 2!|)WV3§|«.r 



r+ + T5" also present 
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We let 



9+ — 9T+n 



In this notation, 



(45) 



Also 



LV = f] = 1] Lj' = f]' = 



(46) 



A single additional g+ = g~^rp+_^rp+ coupling does not change the values from that of the pure 
V — A couphng. 

T+ — also present : 



We let 



and so, 



g- = gf-Tn 



\9l\ 



2A 



\9l\ + 



mtg- 



2A 



^ = 77 = 1, o;' = 77' = 



(47) 
(48) 
(49) 



A single additional g- = g^j,+_j,+ coupling is equivalent to a single additional V + A coupling, 

5 

except for the interpretation of their respective chirality parameters. 
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3.2 Helicity parameters to leading- order in one 

"additional chiral coupling" 

In Table 3 for the V + A and for the S ^ P couphngs, we hst the "expanded forms" of the above 
expressions to leading-order in a single additional chiral coupling {gi/2Ai) versus the standard 
V — A coupling (ql). Similarly, in Table 4 is hsted the formulas for the additional tensorial 
couplings. The tensorial couplings include the sum and difference of the weak magnetism and 
electricity couplings, g± — ± /e, which involve the momentum difference qy, — kt — Pb- The 
alternative tensorial couplings g± — g~^j.+^j.+ instead involve kf + Pb- In application [6] of I4 to 
determine limits on a pure IM{g^), as in [6], since RE{gL*g^) = 0, the additional terms in Table 
4 going as \g+\'^ can be used; for other than pure IM{g^), one should work directly from the above 
expressions in the text. This remark also applies for determination of limits for a pure IM{gs+p) 
from Table 3. 

Notice that, except for the following coefficients, the formulas tablulated in these two tables 
are short and simple. As above we usually suppress the entry in the "i" subscript on "Aj." For 
Table 3 these coefficients are 



a — 



(1-4^) 




6 = 



c = 




(50) 
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The additional coefficients for Table 4 are 



„2 ™4 



2 (1—1^) "it(l+9T^+2^) 



mtA (i_4!!4) ' 2A(l+2^) 
(1-4^4^) ^2(2+11!::^) 



2 

(1_4!I%) 2A2(l+2^) 



h^T\i ^ ^- ^ 



^2 



(51) 

(1-^) "4(1-^) 



(1-4^) 2A2(l+2^) 

3f 



, o (1-^) 

rv — 2 t*' — ~r2 1~ 

2A2(l+2^) ^ (1-4^) 



Notice that 0{1/A) coefficients occur in the case of an interference with the g'icoupling, and that 
otherwise 0{1/Is?) coefficients occur. 

When the experimental precision is sensitive to effects associated with the finite width ~ 
2.{)lGeV of the W- boson, then a smearing over this width and a more sophisticated treatment of 
these coefficients will be warranted. Numerically, for rrit = 175GeV, = 80.36GeV, rrib = i.bCeV 
these coefficients are: 

aA = 141.6; feA^ = 11, 600; cA^ = 4, 890; dA = 14.05; eA^ = 3, 354; /A = 69.05; 
gA = 14.07; = 615.4; jA^ = 6, 197; kA^ = 6, 812; lA = 183.8; nA^ = 5, 020; (52) 

oA2 = l,792;'uA2 = 7,503 
In comparing the entries in these two tables, notice that (i) a single additional g+ — 
coupling does not change the values from that of the pure V — A coupling, and that (ii) a single 
additional g_ — g'^j.+_j,+ coupling is equivalent to a single additional V + A coupling, except 
for the interpretation of their respective chirality parameters. This follows as a consequence of 
the above "equivalence theorems' and the absence of contributions from the and P couplings 
when the W'^ is on-shell. We have displayed this equivalence in Table 4 to emphasize that while an 
assumed total absence of g± couplings in t — > W~^b decay might be supported by the weaker test 
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of the experimental/theoretical normalization of the decay rate ( i.e. the canonical universality 
test ), empirical V — A {V + A) values of the helicity parameters shown in these tables will not 
imply the absence of g+ (^_) couplings. 

4 TESTS FOR "NEW PHYSCS" 

In context of the helicity parameters, this topic in discussed is a separate paper 0. Here we include 
some useful formulas that were omitted in that discussion. 

The contribution of the longitudinal(I/) and transverse(T) 14^-amplitudes in the decay process 
is projected out by the simple formulas: 

4-"- = i(4 ± /^) = \A{0, tI)\\A{tI, T^)| cos/3^^ =1{V±^) 
= lil^^Ii) = |A(0,^)||A(Tl,^)|sin/3f'^= ^(V±^') 

r^"'" = lilt ± II) = \A{o, T^)r = ^(1 + ^ ± e ± C) 
4"'^ ^liit± i¥) = \Mt1, = ^(1 - a ± e T (53) 

In the first line, f3^ = (3a- Unitarity, requires the two right-triangle relations 

(4^)' + (4")' = rl^4^ (54) 
(4«)2 + (4")' = rl-4«. (55) 

It is important to determine directly from experiment whether or the Wl and Wt partial widths are 
anomalous in nature versus the standard {V — A) predictions. They might have distinct dynamical 
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differences versus the SM predictions if electroweak dynamical symmetry breaking(DSB) occurs 
in nature. 

By unitarity and the assumption that only the minimal helicity amplitudes are needed, one 
can easily derive expressions for measuring the phase differences between the helicity amplitudes. 
In the case of both Bl and bu couplings, there is 



COS (3a - 



and for the hu phase difference. 



V(i+«)'-(<^+c)2 



cos/3f =^ 



L T 



2(»?-u>) 



Also 



sm/?a ^ 



V(i+€)2-(^+c)2 



with 



sin/3f =^ 



2(rj -UJ ) 



(56) 



(57) 



(5J 



(59) 



V(i-€)2-(<^-C)2 

Measurement of ^ 0{Pb ^ 0)imphes a violation of T invariance in i — > W^h{i — > W"})) 
or the presence of an unexpected final-state interaction between the h and . Because of the 
further assumption of no-unusual-final-state-interactions, one is actually testing for Tps invariance. 
Canonical T invariance relates t —>■ W^h and the actual time-reversed process W^h t which is 
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not directly accessible by present experiments. Equivalent to the two right-triangle relations are 
two expressions involving the helicity parameters: 

iv ± iof + (V ± uj'f = \[il± 0' - ± C)']. (60) 

Fig. 5 displays a simple test of Tps invariance using the first relation. With forseeable experimental 
precisions, the second relation appears unlikely to be tested in the near future. 



5 STAGE-TWO SPIN-CORRELATION FUNCTIONS 

For tt production at hadron colliders, a simple consequence of the QM-factorization structure of the 
parton model is that there are incident parton longitudinal beams characterized by the Feynman 
Xi and X2 momentum fractions instead of the known p and p{p) momenta. This momentum 
uncertainty must therefore be smeared over in application of the following S2SC functions and in 
determination [^] of the associated sensitivities for measurement of the above helicity parameters. 



5.1 The full S2SC function: 

We consider the production-decay sequence 

qq, orgg ^ tt ^ {W+b){W-b) 



(61) 

(/+Z/6) {l-Vb)or{jdjub) {jdjub) 



The general angular distribution in the {tt)cm is 

/(Bs, ^b; 0\, 0* ; ^, 0^; 0*, 0* ; Ot, J,) = Ea,a,a' a' pH'-a' a' (®^' 



(62) 



^R..x'St^Wn^...)R,,^^^{t^W-b 
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where the composite decay-density-matrix R^^^' for t W^b ^ . . .is given by Eq.(12), and that 
R^^x'^ ^ ^ W~h ^ ... is given by Eq.(17). The angles 6^, $b give[ll,12] the direction of the 
incident parton beam, i.e. the q momentum or the gluon's momentum, arising from the incident 
p in the pp, or pp — > tiX production process. With Eq.(62) there is an associated differential 
counting rate 

dN = I(Qb, • • .)d( cos QB)d^Bd( cos 9\)d(j)\ 

(63) 

d(cos 9a)d(f)ad{cos 9l)d(f)ld{cos 9b)d(f)b 
where, for full phase space, the cosine of each polar angle ranges from -1 to 1, and each azimuthal 

angle ranges from to 27r. 

Each term in Eq.(62) can depend on the angle between the t and i decay planes 

= 01 + 02 (64) 

and on the angular difference 

^R^^B- 0*1 (65) 

So, we treat ^b, ^r, 4> as the azimuthal variables. We integrate out ^r. The resulting full S2SC 
function is relatively simple: 

I{Qb, 0; 9\, 9a, 0a; 9*2, 9b, (ph) = Y.hih2{f^h"h2Mh2^hihiRh2h2 , ^ 

(66) 

+(p^+^__r+_f:p + P^-^++r-+fZ^) cos + i(p^+^__r+_rvr - p^''°^++r_+fZ^) sin 0} 

where (^hxh^M^i^^'' ^^"^ depends on 6^, $b and the composite density matrix elements are 
given above. The ^^angular dependence can be replaced by the energy in the the {tt)cm and 
similarly 9^^y the W~ energy [12]. The sin0 dependence is the well-known test for CP- violation 
in the production process[13,5]. 
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5.2 Two simpler S2SC functions: 

We next integrate out some of the variables to obtain simpler S2SC functions. First [11], we 
transform to the variables of Fig. 4 and then integrate out the two aximuthal angles 0i^2- This 
gives a five variable S2SC with respect to the final decay products: 

7(0; 9l, 01, ; 9l, 62) = T,hihAf^h7h2,hih2^hihiRh2h2 ^ ^ 

(67) 

+2cos07e£(p^7f__p+_p^) - 2sin0JA1(p^+^__p+_p^) 
The sin0 term will vanish if both CP invariance holds in (ti) production and /3a = = in f 
and t decays. 

Diagonal p±± and off-diagonal p±=p appear here to describe the decay sequence t — > W~^b — > 
I'^vb, or jdjub- The CP-conjugate sequences are described by p±±,p±^. These integrated, com- 
posite density matrix elements are defined by 

Ph2h2 = ^ /o^'' '^01-^/12/12/1-^(0) |)P 

= p^h^^h,^{suhscriptsl — > 2, a — > 6) 

(68) 

P+- = {P-+r ^ 2^/o''^c^0ir+_/|/l(O,-|)p 
p^r= (pZT)* ^i^tdct>,r^/\B{Q,\)\^ 
— —p+^{subscriptsl —>■ 2,a —>■ b, Pa ^ Pb) 
where the last fines for the CP conjugate ones shows useful CP substitution rules. 

By integrating out the angle between the t and t decay planes, a simple four-variable S2SC 
function is obtained 
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(69) 



+P++{9g ^ ti)P'"''[p++p^ + p-pzz]} 



where the sum is over the quarks and gluons in the incident pp or pp. In the second hne we have 
assumed CP invariance in the production processes. 

The simplest kinematic measurement of the above hehcity parameters at the Tevatron and at 
the LHC would be through purely hadronic top decay modes. CDF has reported[14] observation of 
such decays. In this case the {tt)cm frame is accessible and the above I4 can be used. In a separate 
paper[6] we have reported that the associated statistical sensitivities to the helicity parameters 
are at the percent level for measurements at the Tevatron, and at the several mill level for at the 
LHC. Fig. 6 shows the net E^r+, E-^- dependence of Eq.(69). 

5.3 Integrated composite decay-density-matrix elements: 

In (69), the composite decay-density- matrix elements are simply the decay probability for a ti 
with hehcity | to decay t — > W^h followed by W'^ jjju, or W'^ — > I'^u since 
dN /d{cos6\) d {cosOij — phh (^J, 0]^ and for the decay of the t2 with helicity |, phh — 
P-h-h{^ ~^ 2,addbars). For ti with helicity | 



Phh = Po + hpc cos 6{ + hps sin 9\ 



(70) 



where 



Po— -{6 — 2 cos^ ijJi cos^ 9i — sin^ uj-i sin^ 9i 



+a[2 — 6 cos^ ijJi cos^ ^1 — 3 sin^ uji sin^ ^1] — 4(^ — C) cosui cos ^1} 



(71) 
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Pc = o {C[6 — 2 cos^ ui cos^ 9i — sin^ ui sin^ 9i] 
8 

+^ [2 — 6 cos^ uji cos^ ^1 — 3 sin^ Ui sin^ 6*1] + 4 ( 1 — cr) cos Ui cos fi'i } (72) 

Ps — — ^{-a;sin2a;i[sin^ 9i — 2 cos^ ^1] + 2?7sina;i cos6'i} (73) 
V 2 2 

with the Wigner rotation angle uji — uJi{E-^+). The rotation by uji is about the imphcit axis 
in Fig. 2. It is given by[ll] 

sina;i = mwPl^^^9\/pi (74) 



Ecmiml - + [m^ + m^]/3 cos ) 
cosa;i = — 7, (75) 



where pi = the magnitude of the momentum in the {tt)cm frame and 7, (3 describe the boost 
from the {ti)cm frame to the ti rest frame [7 = Ecm/ (2mj) with Ecm = total energy of tt, in {ti)cm]- 
Note that the Ps term depends only on the Wl — Wt interference intensities, whereas the Po 
and Pc terms only depend on the polarized- partial-widths, specifically 

1 ~ ~ 

Po,c = 77 [2 — 2 cos^ LOi cos^ 9 1 — sin^ loi sin^ ^1] — ^ 

^ J. 

1 ~ ~ ~ 

± - [2 -I- 2 cos^ uji cos^ 9i + sin^ ui sin^ ^1] T cos loi cos 9i ( 76) 

with c = c (1^2, addbars ). 

For the off-diagonal elements, the analogous expression is 

p+_ — Pc sin — V^ir] cos 6*^ — icu') sinwi cos ^1 
-F^(a; cos ^1 - iry') sin 2a;i[2 cos^ 9i - sin^ 6*1] 

Figures 7-14 show the cos 9\, cos 9i behaviour of the elements of these integrated, or "reduced" , 
composite-density-matrix p^^/ assuming the {V — A) values of Table 1 for the helicity parameters. 
These figures also show the dependence as the total center-of-mass energy Ecm is changed. Fig. 7 
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is for and £Jcm — 380 GeV. The next one, Fig. 8, is for Ecm — 450 GeV. This dependence on 
cos ^J, 008 6*1, i-e. the use of W decay-polar imetry, is the reason for the greater sensitivity of the 
S2SC function, I4, than the simpler energy-energy spin- correlation function I {E]y+ , E^y-) , see 

Sec. 6. Figs. 9-10 show the behaviour of p The behaviours of the real and imaginary parts of 

the off-diagonal elements p+_ are shown in Figs. 11-14. Note that to display the imaginary part 
with an arbitrarily fixed overall normalization, we have set cu' — rj' — 1 in Eq.(77) since in the SM 
the relative phase = 0. 

If the {V — A) values for the helicity parameters are empirically found to be only approxi- 
mately correct, then the details of the dependence of p^^' on cos9\, cos^i, and Ecm will differ but, 
nevertheless, the analyzaing power of p^^^' and of R of Eq.(12) should remain large at both the 
Tevatron and the LHC. 

5.4 Production density matrix elements: 

The production density matrix elements for gg — > tt are calculated by the methods in [15,12]. In 
the usual helicity phase conventions, we obtain 

P++{99 ^ti) = p++,++ = p—-- 

(78) 
(79) 

where Et is the energy of the produced t quark with momentum of magnitude pt at angle 9t in 
the {tt)cm frame. 

The amplitudes for g^g^ — > tt in the helicity phase convention are easily obtained from those in 
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Ref. [12]. The associated production density matrix elements are 



(80) 

= ^sin2^, 



^tt}^ P+-+- = P- 
= |(l + cos2^0 



The normalization in these equations correspond to the hard parton, differential cross-sections 

da a? 



f ip++,++ + p— + p+-,+- + p-+,-+) (82) 



dt s 



6 ADDITIONAL REMARKS 

The simpler stage-one spin-correlation functioni {Eiy+, Eyir-) of Ref. [5] directly follows from 
Eq.(69) by integrating out 9i and 02 

i 

(83) 

where 

P++ = 1 C^w cos ^1 , p = 1 — C,Sw cos ^* 

(84) 

pZjTj: = 1 — COS 6'2, = 1 + C,Sw COS 

However, using I[Ew+-iEw-) the fractional sensitivity for measurement of C, at the Tevatron at 
2 TeV^ is only 38% versus 2.2% by using I{E\y+, E\y-,9i,92). The "fractional sensitivity" is 
exphcitly defined by Eq.(36) in [6]. Similarly, at the LHC at 14 TeV, the fractional sensitivity for 
measurement of ( with I2 is 2.3% versus 0.39% with I4. This shows the importance of including 
the analyzing power of the second stage in the decay sequence, i.e. W decay- polarimetry, c.f. Sec. 
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5.3. It is also important to note that only the partial width and the ( helicity parameter appear 
in this stage-one spin-correlation function. To measure the other helicity parameters (^,cr, . . .), 
one needs to use stage- two W or b decay-polarimetry, and/or other spin-correlation functions. 

This use of W decay-polarimetry and /4 to significantly increase the analyzing powers does 
not directly make use of the threshold-type kinematics at the Tevatron of the qq — > tt reaction. 
See the series of papers by Parke, Mahlon, and Shadmi [7] for spin-correlation analyses which 
investigate threshold techniques. 

Some modern Monte Carlo simulations do include spin-correlation effects, for instance KO- 
RALB for e~e+ colliders [16]. The simple general structure and statistical sensitivities of the S2SC 
function show that spin-correlation effects should also be included in Monte Carlo simulations 

for pp, or pp, — > ttX — > In such a Monte Carlo it should be simple and straightforward to 

build in the amplitudes for production of L-polarized and T-polarized H^^'s from distinct Lorcntz- 
structure sources. Thereby, spin-correlation techniques and the results in this paper can be used 
for many systematic checks. For example, they could be used to experimentally test the CP and 
T invariance "purity" of detector components and of the data analysis by distinguishing which 
coefficients are or aren't equal between various experimental data sets analyzed separately for the 
t and i modes. 

Assuming only couplings [17], a simple way for one to use a Monte Carlo simulation to test 
for possible CP violation is to add an 5" -|- P coupling (to the standard V — A coupling) in the t 
decay mode such that the S + P contribution has an overall complex coupling factor "c" in the t 
mode and a complex factor "d" in the t mode. This will generate a difference in modui and phases 
between the t,i modes. Then the 2 tests for CP violation are whether |c| = \d\, arg{c) = arg{d) 
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experimentally. 

To be model independent and of greater use to theorists, experimental analyses should not 
assume a mixture of only V and A current couplings in top decays. By consideration of polarized- 
partial-widths there are several fundamental quantities besides the chirality parameter and the 
total partial width which can be directly measured. For example, there are three logically inde- 
pendent tests for only couplings: — 1, ( — a, and a; = 77 up to 0{'mb) corrections [18]. If 
Tp5- violation were to occur, then the non-zero parameters u' = rj' if there are only 6x, couplings. 
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Table Captions 

Table 1: Analytic form of the helicity parameters for t — > W'^b decay for unique Lorentz 
couplings: In this and following table, the mass ratios are denoted hy w/t = mw/mt. We do not 
tabulate u and 77' because a;' = 77' = if either (i) there is a unique Lorentz coupling, (ii) there 
is no TV5- violation, and/or (iii) there is a and A, mi, — 0" masking mechanism, see remark (5) 
in Sec. 1. 

Table 2: Analytic forms and numerical values of the partial-width-intensities for polarized final 
states for unique Lorentz couplings. 

Table 3: Helicity parameters for t — > W'^b decay to leading-order in the case of a single 
additional chiral coupling (g^) which is small relative to the standard V — A couphng {ql). This 
table is for the V + A and for the S ± P couplings. The next table is for additional tensorial 
couplings. In this paper TZ£ ( IM. ) denote respectively the real (imaginary) parts of the quantity 
inside the parentheses. 

Table 4: Same as previous table except this table is for additional tensorial couplings. Here 
g± — Im Ie involves kt — Pb whereas g± — g'^j.+ ,j,+ involves kt + Pb, see Eqs.(22). Here rrit — 

5 

mass of the t quark. 

Figure Captions 

FIG. 1: The three angles 9l,9l and cf) describe the first stage in the sequential-decays of the (tt) 
system in which t W~^b and t W~b. From (a) a boost along the negative zl axis transforms 
the kinematics from the ti rest frame to the (tt)cm frame and, if boosted further, to the ^2 rest 
frame shown in (b). 
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FIG. 2: The two pairs of spherical angles 9\, and Oa-i(t>a describe the respective stages in the 
sequential decay t — > W^h followed by W'^ — > or W'^ — > I'^v. The spherical angles 9a-, 4>a 
specify the jet (or the l'^) momentum in the VF'*"rest frame when the boost is from the ti rest 
frame. For the hadronic decay mode, we use the notation that the momentum of the charge 
|e jet is denoted by j'j and the momentum of the charge |e jet by j„. In this figure, is shown 
equal to zero for simplicity of illustration. 

FIG. 3: This figure is symmetric versus Fig. 2. The spherical angles (f)^ specify the jet 
(or the l~) momentum in the VF~rest frame when the boost is from the t2 rest frame. 

FIG. 4: The spherical angles 6*1,01 specify the jet (or the /+) momentum in the iy"'"rest 
frame when the boost is directly from the {tt)cm frame. Similarly, 02, 02 specify the jd jet (or the 
l") momentum in the W~Test frame. The W~^W~ production half-plane specifies the positive xi 
and X2 axes. 

FIG. 5: Display of test for Tps violation using the right-triangle relation, Eq.(60): First, side 
a = 77 -|- a; is drawn with its uncertainty Sa and then the hypotenuse c = | ^^[(1 -|- — {a + C)^] is 
cast to form a right-triangle, c's uncertainty is shown as 6c- A resulting non-zero side b — rj' + co' 
would imply that Tps is violated either dynamically or because of a fundamental violation of 
canonical T-invariance. 

FIG. 6: Display of the energy- energy correlation, 7|"^(cos^i, cos^2) ^ predicted by 
the standard model for pp —>■ ttX (LHC). The contours shown are for 10^ events over lObins • 
lObins (LHC). This saddle surface peaks at (±1, ^1); and the levels range from 9, 478, to 10, 522 
with spacing 116. [At the Tevatron at 2TeV, the saddle is inverted with dips at (±1,^1); with 
levels ranging from 294 to 306 with spacing 1.2 for 3 • 10^ events] . 
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FIG. 7: First of 8 figures sliowing tlie cos ^ J, cos beliaviour of the elements of the "reduced" 
composite-density-matrix p^^/ . These also show the dependence as the total center-of-mass energy 
Ecm is changed. This figure is for p++ and Ecm — 380 GeV; the next figure is for Ecm — 450 GeV. 
This saddle surface peaks at about (1,0), (—1,-1); and the levels range from 0.1300 to 1.3923 
with spacing 0.1266. 

FIG. 8: The cos ^J, cos behaviour of p++ for Ecm — 450 GeV. The surface peaks at about 
(1, 0), and falls towards the 3 corners; the levels range from 0.1751 to 1.3422 with spacing 0.1220. 

FIG. 9: The cos cos behaviour of p for Ecm — 380 GeV. The saddle surface peaks at 

about (-1,0), (1, -1); the levels range from 0.1231 to 1.2274 with spacing 0.1227. 

FIG. 10: The cos cos behaviour of p for E^m — 450 GeV. The surface peaks at about 

(-1, 1), (-0.5, -1); the levels range from 0.1404 to 1.4002 with spacing 0.1400. 

FIG. 11: The cos 6'^ , cos 6'i behaviour of i?e[p+_] for Ecm = 380 GeV. The surface peaks at 
about (-0.25,0.25) ; the levels range from -0.5392 to 0.4179 with spacing 0.1063. 

FIG. 12: The cos , cos 6*1 behaviour of i?e[p+_] for Ecm = 450 GeV. The surface peaks at 
about (-0.8, 0.9); the levels range from -0.5960 to 0.4490 with spacing 0.1161. 

FIG. 13: The cos cos behaviour of Imag[p+J\ for Ecm — 380 GeV for arbitrary overall 
normalization u' = rj' = 1. The surface peaks at about (—0.5, 0.5); the levels range from —0.5025 
to 0.1293 with spacing 0.0702. 

FIG. 14: The cos ^J, cos 6*1 behaviour of Imag{p^-] for Ecm = 450 GeV for arbitrary overall 
normalization co' — rj' — 1. The surface peaks at about (—1,0.8); the levels range from —0.7025 
to 0.2842 with spacing 0.1096. 
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